In this work, we present the predicted multiphase behavior (vapor-liquid, liquid-liquid, and vapor-liquid-liquid equilibria) for a quaternary mixture containing methane, carbon dioxide, hydrogen sulfide, and water. The capabilities of the PR (Peng-Robinson) and PC-SAFT (Perturbed-Chain Statistical Associating Fluid Theory) equations of state (EoS) to predict the phase behavior exhibited by this mixture were compared and analyzed. The computer algorithm used for isothermal multiphase flash calculations is based on the minimization of the Gibbs energy along with stability analysis to find the most stable state of the system. The binary interaction parameters used with the PR EoS for modeling this system were taken from the literature whereas the interaction parameters for the PC-SAFT were obtained from the regression of binary vapor-liquid equilibrium data. The results obtained differ from each other and demonstrate different capabilities and accuracies of the present thermodynamic models in the predictions.
INTRODUCTION
The complex task to represent the phase behavior of water is well-known; this is mainly attributed to the unique characteristics of water such as polarity and/or association, thus making difficult to estimate the phase behavior if the water is mixed with some other components with similar properties, like polar components such as carbon dioxide or hydrogen bonding in the case of hydrogen sulfide. These mixtures are important in the oil extraction industry because nowadays many reservoirs report the extraction of oil + water + non-hydrocarbon gases mixtures, and it is very important for this industry to count with feasible tools used in commercial simulators, like thermodynamic models, to perform the extraction simulations and reconfigurations of the facilities inside the refineries with high accuracy.
The aim of this work is to test the capabilities of the PR [1] and PC-SAFT [2] EoS using only one binary interaction parameter for each model and a reliable technique for multiphase flash calculations for predicting the multiphase behavior (vapor-liquid, liquid-liquid, and vapor-liquidliquid) exhibited experimentally by the quaternary system methane-carbon dioxide-hydrogen sulfide-water [3] specific temperature and pressure ranges. Here, it is worth mentioning that although there are other equations of state published in the literature, the main reason to select the PR and the PC-SAFT EoS in an attempt to compare their performance in this work is that these equations are very widely used for phase equilibrium calculations of fluid mixtures, including those mixtures encountered in the natural-gas and petroleum industries, and because presently most of the commercially available process simulators include these EoS in their models bank. The reader is referred to the original articles published by Peng and Robinson [1] and by Gross and Sadowski [2] for a detailed description of these equations of state. A description of the associating term used in the PC-SAFT EoS can be found elsewhere [4] [5] [6] 
SOLUTION PROCEDURE
The solution procedure uses an efficient computational procedure for solving the isothermal multiphase problem by assuming that the system is initially monophasic. A stability test allows verifying whether the system is stable or not. In the latter case, it provides an estimation of the composition of an additional phase; the number of phases is then increased by one and equilibrium is achieved by minimizing the Gibbs energy. This approach, considered as a stage wise procedure [7, 8] , is continuously applied until a stable solution is found.
In this technique, the stability analysis of a homogeneous system of composition z , which is based on the minimization of the distance separating the Gibbs energy surface from the tangent plane at z , is considered [9, 10] . In terms of fugacity coefficients, i , this criterion for stability can be written as [10] 
where i are mole numbers with corresponding mole fractions as y i = i j j=1 N , and
Equation (1) at all stationary points. Here, the quasi-Newton BFGS minimization method [11] was applied to equation (1) for determining the stability of a given system of composition z at specified temperature and pressure.
Once instability is detected with the solution at p 1 phases, the equilibrium calculation is solved by minimization of the following function
subject to the inequality constraints given by
and 0
where i z is the mole fraction of the component i in the system, (4) and (5) during the search for the solution. In this case, we used a hybrid approach to minimize equation (3) starting with the steepest-descent method in conjunction with a robust initialization supplied from the stability test to ensure a certain progress from initializations, and ending with the quasi-Newton BFGS method which ensures the property of strict descent of the Gibbs energy surface. A detailed description of this approach for solving the isothermal multiphase problem can be found elsewhere [12] 
RESULTS AND DISCUSSSION
The problem to determine the phase behavior developed by mixtures containing great amount of water within an interval of pressures and temperatures is due to the complex characteristics of water and, in most cases, the large differences between the critical temperatures of the components that are mixed with water. In this case, a quaternary mixture made up of methane (CH 4 ), carbon dioxide (CO 2 ), hydrogen sulfide (H 2 S), and water (H 2 O) was studied. The nominal composition in mole fraction for this mixture (so-called Mixture 2 by Huang et al. [3] ) is: 0.05 CH 4 , 0.05 CO 2 , 0.40 H 2 S, and 0.50 H 2 O. Here, it should be mentioned that water has a variety of intrinsic characteristics such as polarity and association contribution, carbon dioxide has quadrupolar properties, and hydrogen sulfide could be considered as associated and with certain degree of polarity. When all these components are mixed there is no way to give a precise explanation of the complex phase behavior of the mixture from the pure component characteristics. Once components are mixed the only way to try to give an explanation of the phase behavior is through the use of thermodynamic models that take into account the variety of the different contributions due to each one of the characteristics of the pure components that are involved.
This mixture was also studied by Nutakki et al. [13] some years ago and more recently by Li and Firoozabadi [14] . In the former work, the multiphase equilibrium calculations for binary, ternary, and quaternary hydrocarbonwater systems at high temperature were performed using the Schmidt-Wenzel EoS [15] . The solubility of water in the hydrocarbon-rich liquid phase and vapor phases was modeled using a constant binary interaction parameter between water and hydrocarbon, while the solubility of hydrocarbons in the aqueous phase was calculated using a temperature-dependent binary interaction parameter. Twoand three-phase equilibrium calculations were performed using the method of successive substitution. A stability analysis using the tangent plane criterion was used to determine the correct number of phases present.
At high temperatures the solubility of water in the hydrocarbon-rich liquid phase was calculated satisfactorily both for mixtures of water and pure hydrocarbon components, and for mixtures of water and petroleum fractions. The binary interaction parameters used in the hydrocarbon-rich liquid phase and the vapor phase were found to be dependent on the type of hydrocarbon.
The solubility of hydrocarbons in the aqueous phase was calculated reasonably well using temperature-dependent interaction coefficients in the aqueous phase. Nutakki et al. found that above 370 K, the binary interaction parameters in the aqueous phase were linear functions of temperature. Binary interaction parameters from two phase binary data were found to be satisfactory to calculate three phase multicomponent equilibrium.
In the latter work, Li and Firoozabadi calculated the multiphase equilibrium for binary, ternary, and quaternary hydrocarbon-water systems using a modified version of the cubic plus association (CPA) EoS [16] by applying the "pseudo-association" concept to explicitly consider the cross association between water and non-water compounds. In this approach, each pseudo-association (i.e., CH 4 , CO 2 , and H 2 S) were assumed to possess four association sites, similar to water molecules. In addition, it is assumed that there is neither cross association nor self association between pseudo-associating components, and that the cross association is symmetric between two sites of different types of water and pseudo-associating component. They illustrated the performance of their approach by comparison with the experiments for the phase compositions of H 2 O-CH 4 , H 2 O-C 2 H 6 , H 2 O-CO 2 , and H 2 O-H 2 S, among other binary mixtures, and the H 2 O-CH 4 -CO 2 -H 2 S quaternary mixture, in two and three phases. The results presented by these authors showed that the modified approach enhanced the accuracy in phase behavior calculations for the mixtures studied.
Here, we have also used the nominal composition for mixture 2 reported by Huang et al. [3] to test the robustness, efficiency and reliability of the computational technique employed in this work, and to compare the PC-SAFT and PR EoS modeling results. No modification to these equations was attempted to enhance their accuracy in phase behavior calculations, therefore these equations of state were used in their original form. Experimental two-and threephase equilibrium data were compared with values calculated from both equations of state.
The pure-component physical properties (i.e., critical temperature c T , critical pressure c P , and acentric factor ) of CH 4 , CO 2 , H 2 S, and H 2 O for the PR EoS were taken from Ambrose [17] . For the PC-SAFT EoS, the three purecomponent parameters (i.e., temperature independent segment diameter , depth of the potential , and number of segments per chain m ) of the non-associating compounds, CH 4 and CO 2 , were taken from Gross and Sadowski [2] whereas for the associating compounds, H 2 S and H 2 O, these three pure-component parameters plus the two additional association parameters (i.e., the association energy AB and volume AB for each site-site interaction) were taken from Tang and Gross [18] . Table 1 presents the physical properties of the four compounds forming the mixture studied as well as the values of the molecular parameters for the non-associating and associating compounds characterizing the PC-SAFT EoS. In this case, the associating compounds H 2 S and H 2 O were considered to have two bonding sites.
The binary interaction parameters used in this work for the PR EoS were taken from the literature [19] [20] [21] , and they are:
.0400 , while the interaction parameters for the PC-SAFT EoS were fitted from binary vapor-liquid equilibrium data by minimizing either the objective function 1 S
for the bubble-point pressure method, or the objective function S 2
for the flash calculation method. (6) and (7) were minimized using the simplex optimization procedure of Nelder and Mead [22] with convergence accelerated by the Wegstein algorithm [23] .
It is interesting to note that although the bubble-point pressure method is one of the most popular methods used for modeling vapor-liquid equilibrium data of binary systems through the minimization of the objective function 1 S , it is biased toward fitting liquid compositions. Consequently, the calculated phase envelopes may not necessarily close at the last experimental composition. On the contrary, when the flash method is used for fitting vapor-liquid equilibrium data, both the liquid and vapor compositions appear in the objective function S 2 , and therefore treated equally. This allows analyzing the over prediction of the mixture critical points of the isotherms; i.e., the phase envelopes can be calculated to near critical conditions independent of the location of the last experimental composition measurements.
The optimized binary interaction parameters obtained for the PC-SAFT EoS using objective functions S 1 or S 2 are: k C 1 CO 2 = 0.0497 [24] , k C 1 H 2 S = 0.0582 [25] , [29, 30] , where the numbers in brackets indicate the references from which the experimental VLE data were taken for the optimization of the interaction parameters.
Once the interaction parameters for the two equations of state were known, multiphase equilibrium calculations for the quaternary mixture at experimental conditions were performed. In addition, the two-and three-phase envelopes for this mixture were calculated using the PR and PC-SAFT EoS. This allows comparing the capability of both models to predict the experimental boundaries. It is important to mention that all predictions were carried out using only binary information from vapor-liquid equilibrium data and that the three phase envelope for mixture 2 was build by comparing only the pressure and temperature of transition between the two-and three-phases in equilibrium, since there is not experimental evidence about the compositions of each one of the components at these points. Fig. (1) shows the experimental and calculated two-and three-phase boundaries for this mixture. A more detailed discussion of the predicted phase behavior for this mixture with the PR and PC-SAFT models is given below.
PR Equation of State Results
The three-phase vapor-liquid-liquid equilibrium (VLLE) region calculated with the PR EoS and depicted in Fig. (1) for mixture 2 shows a fair agreement with the experimental three-phase dew point boundary and it is rather high with respect to the experimental three-phase bubble point boundary; both experimental curves reported by Huang et al. Overall, it can be said that the PR EoS gives a satisfactory qualitative representation of the three-phase phenomena, even better than that obtained with the PC-SAFT EoS, however, the PR EoS gives a poor description of the compositions at equilibrium inside the two-and three-phase region. This can be attributed to the lack of explicit contributions of the model; i.e., the polar behavior of carbon dioxide or the association and polar behavior of water were not taken into account in the PR equation. Nonetheless, even if these contributions could be included in the model in an explicit way, we did not do that because the purpose of this work was focused on the capability of this equation of state in its original form to represent the experimentally observed complex phase behavior developed by this mixture and compare its performance against another thermodynamic model. In this context, it should be mentioned that all phase equilibrium predictions with this equation were obtained using binary interaction parameters taken from the literature, which had previously been fitted from binary vapor-liquid equilibrium data, instead of using other interaction parameters fitted from three phase equilibrium data, as done, for instance, by Nutakki [31] to modeling the three-phase binary water-hydrocarbon systems data of Brady et al. [32] and Tsonopoulos and Wilson [33] with the Schmidt-Wenzel EoS in order to determine the interaction parameters between the hydrocarbon and water in the hydrocarbon liquid and aqueous phases. The latter is important because once the interaction parameters have been fitted at three phase equilibrium conditions, there is a risk to use them to predict the phase behavior of a given system at different conditions at which the interaction parameters were determined, so that the prediction may fail and/or give physical meaningless results. Fig. (1) also shows that the two-phase dew point boundary is over predicted by the PR EoS in comparison with the experimental data when temperature and pressure increase. Table 2 presents the results of the predictions obtained with the PR EoS in both the aqueous vapor-liquid and the aqueous liquid-hydrogen sulfide dense fluid. The calculations were performed at two temperatures, one at 380.35 K and three pressures (7.56, 12.27, and 16.92 MPa), and the other one at 449.85 K and two pressures (11.00 and 18.17 MPa). This table shows that at temperatures higher at which the three phase region exists, the solubility of water in the vapor phase is over predicted by one or two orders of magnitude, whereas the solubility of methane in the aqueous phase is under predicted by, in most cases, one order of magnitude.
In the case of the aqueous liquid-hydrogen sulfide dense phase, the algorithm failed to converge with this equation of state at 310.95 K and pressures higher than 12 MPa. Therefore, no result is given in Table 2 for the two liquid-liquid equilibrium calculations performed at 13.00 and 16.46 MPa.
Regarding the three-phase VLLE calculations, Table 3 presents the predictions obtained with this equation of state at the two temperature and pressure conditions reported experimentally; i.e., 310.95 K and 6.26 MPa, and 338.75 K and 8.43 MPa. This table shows that, as expected, the solubility of water in the vapor-and hydrogen sulfide-rich liquid phase is over predicted by several orders of magnitude, especially in the hydrogen sulfide-rich liquid phase, while methane is under predicted in both liquid phases at the two temperature and pressure conditions. Of course, these results can be improved if different interaction parameters were used in the calculations such that proposed by Peng and Robinson [34] for modeling more accurately the phase compositions for binary systems of alkanes and water. Table 3 indicates that the PR EoS could be able to represent the entire three phase region in the P-T diagram but it shows differences once the comparison against the experimental compositions are made. In this table, it can be seen that the largest differences are for the water composition in the aqueous phase and for the methane and carbon dioxide composition in the liquid rich hydrogen sulfide phase. These differences could not be attributed to the polarity of the components or to hydrogen bonding because methane, which does not have hydrogen bonding, shows noticeable differences in the liquid hydrogen sulfide-rich phase.
An inspection of the results listed in

PC-SAFT Equation of State Results
The three-phase VLLE region calculated for mixture 2 with the PC-SAFT EoS is also shown in Fig. (1) on the pressure-temperature phase diagram. This figure reveals that there exists disagreement with the experimental VLLE region; i.e., the calculated three-phase VLLE region is smaller than the experimental one. Nevertheless, the calculated three-phase dew point boundary up to about 6 MPa is in good agreement with the experimental data reported by Huang et al., although it is not possible to compare the compositions obtained with the model against the experimental ones because this information is not available. As pressure increases, the differences between the experimental three-phase dew point boundary and the calculated with the model become larger. In the case of the three-phase bubble point boundary, it is rather low with respect to the experimental boundary. Nevertheless, despite the shortcoming of this model to properly predict the experimental three-phase VLLE region, this figure shows that the predicted three-phase region fell completely inside of the experimental one.
In order to give a quantitative comparison between the experimental compositions and those calculated with the model at two-and three phases at equilibrium, Tables 2 and 3 present the results obtained from multiphase equilibrium calculations. These tables also present the results reported by Li and Firoozabadi [14] for this mixture at the same conditions of temperature and pressure using their modified CPA model with cross association (ca). An examination of Table 2 shows that, in most cases, the calculated solubilities of water in the vapor phase and in the hydrogen sulfide-rich liquid phase are in very good agreement with the experimental data. Although these results are not, strictly speaking, comparable with those reported by Li and Firoozabadi, they reflect the effect of the association in this mixture, which is included in the PC-SAFT EoS. A possible better prediction of the component mole fractions in both phases could be obtained if the quadrupolar effect of the carbon dioxide was included in this model. Table 3 presents the experimental and calculated VLLE mole fractions of components that form mixture 2 at two different temperatures and pressures. In this case, although the conditions of pressure at which the three phases were experimentally determined are above the three phase region calculated with the PC-SAFT EoS, we have included in this the PC-SAFT EoS could predict compositions at equilibrium very close to the experimental conditions of temperature and pressure if it was able to predict a wider three phase VLLE region. This is because the three-phase VLL pressures and the compositions of the phases are sensitive to the interaction parameters. n.c.
a Li and Firoozabadi [14] n.c. : Not converged.
Fig
. (1) also shows the experimental and predicted twophase dew point boundary for mixture 2. This figure shows that there exists an excellent agreement between the calculated two-phase dew point boundary with the PC-SAFT EoS and the experimental data, and it follows a regular trend at higher pressures.
Finally, it would have been interesting to apply the socalled PPR78 (Predictive 1978, PR EoS) model [35] to predict the two-and three-phase equilibrium data of mixture 2. This model, based on the PR EoS as published by Robinson and Peng in 1978 [36] , incorporates a group contribution method to estimate the interaction parameter k ij , which makes it predictive. At present, the CH 4 , H 2 S, and CO 2 groups have already been reported [35, 37, 38] , but, unfortunately, the group for H 2 O is not yet available in the open literature. A feature of the PPR78 model is that the interaction parameter k ij , which characterizes molecular interactions between molecules i and j , is dependent on temperature, so that the model can be applied over a wide range of temperature. As a consequence, this model is able to predict phase equilibria for mixtures containing hydrocarbon and non-hydrocarbon (CO 2 , N 2 , and H 2 S) components with high accuracy over wide temperature and pressure ranges.
CONCLUSIONS
The capabilities of two thermodynamic models, the PC-SAFT and PR EoS, to predict the multiphase behavior experimentally exhibited by the quaternary mixture made up methane, carbon dioxide, hydrogen sulfide, and water, for a given composition and over specific temperature and pressure conditions, were investigated. The phase equilibrium calculations were carried out using an efficient computational numerical procedure based on the system Gibbs energy along with thermodynamic stability tests to find the most stable state of the system. This procedure (isothermal multiphase flash) was used to predict two-and three-phase envelopes.
The results obtained showed that both thermodynamic models present weakness in their phase equilibrium predictions. The PC-SAFT EoS gave a better prediction in composition of the two-and three-phase in equilibrium at the experimental conditions, although the calculated threephase VLLE region was smaller and displaced from that one experimentally observed. On the contrary, the PR EoS gave a better agreement with the three-phase VLLE experimentally observed, but the prediction of the compositions of the phases in equilibrium was, as expected, rather poor.
Overall, both models were capable to give a reasonable description of the multiphase behavior of the mixture studied using only binary information from two phase liquid-vapor equilibrium data. This is due mainly to that the three-phase VLL pressures and the compositions of the phases are very sensitive to the interaction parameters, which could be improved if these parameters are adjusted from experimental two-and three-phase equilibrium data for water-hydrocarbon, carbon dioxide-hydrocarbon, and hydrogen sulfide-hydrocarbon binary systems. 
